These studies have led to a general model wherein actiupregulated the growth driver dMyc, and both Ras and vation of Ras by growth factors leads to hyperphosphordMyc increased levels of cyclin E posttranscriptionylation of Rb, releasing the transcription factor E2F to ally. We propose that Ras primarily promotes growth transcribe genes required for S phase progression. 
growth of the wing (Clifford and Schupbach, 1989; Simcox, 1997).
It has also been shown that expression of an activated form of Ras at the anterior-posterior boundary of the wing disc can induce cell proliferation and widespread cell death (Karim and Rubin, 1998) . However, interpreting these results is problematic because the region of the disc where Ras was activated serves as a major pattern organizing center. Hence, the observed effects may have been non-cell autonomous consequences of altered cell fates therein. To avoid the potential complications of region-specific modulation of Ras activity, we have activated or inactivated Ras in marked cell clones generated at random locations throughout the wing disc. We have analyzed the cell-autonomous effects of Ras activity on cellular growth, cell cycle progression, and cell cycle rates. Our findings suggest a model for how Ras coordinates cellular growth and cell cycle progression in the wing.
Results

Cells Lacking Ras Have Poor Viability
Previous studies showed that cells lacking ras are eventually eliminated from the developing wing (Diaz-Benjumea and Hafen, 1994). To determine whether this is due to defects in cell proliferation or cell survival, we tested the proliferative capability of ras Ϫ/Ϫ cells using the ras ras (ras ϩ/ϩ ). We analyzed clones 24, 48, and 72 hr after To further test the requirement of ras for cell survival, ras c40b clones were generated in discs in which the apoptosis inhibitor P35 (Hay et al., 1994) was expressed in posterior wing compartments ( Figure 1B ). P35 increased clones, a much improved clone survival rate compared with ras Ϫ/Ϫ clones in a wild-type background (Figure the survival of ras Ϫ/Ϫ clones from 2% to 86% ( Figure  1C ), indicating that the loss of ras Ϫ/Ϫ clones results from 1C). The areas of ras Ϫ/Ϫ M ϩ/ϩ clones were 38% that of M ϩ/ϩ controls ( Figure 1D ). In comparison, the areas of apoptosis. P35 also increased the size of ras Ϫ/Ϫ clones compared to their ras ϩ/ϩ sisters, although there was still ras Ϫ/Ϫ clones in a wild-type background were 19% as large as their ras ϩ/ϩ sister clones ( Figure 1D ). Since a large size difference between them ( Figure 1D ). Since blocking apoptosis only partially restored the size of ras Ϫ/Ϫ clones in a Minute background had increased survival rates and were larger than ras Ϫ/Ϫ clones in a ras Ϫ/Ϫ clones, we conclude that cells lacking ras have reduced rates of both cell proliferation and survival.
wild Figure 2F ). However, blocking apoptosis only partially rescued the cell doubling time defect. Thus, Ras N17 -expressing cells divide more slowly than controls. In contrast, expression of Ras V12 had no effect on cell doubling times ( Figure  2G ). To test whether shorter doubling times were being masked by apoptosis, we coexpressed P35 with Ras V12 . This did not shorten apparent cell doubling times ( Figure  2G ). Consistent with this result, we did not observe elevated levels of cell death in Ras V12 -expressing clones (data not shown). Thus, Ras V12 has no effect on cell division rates in the developing wing. Since the doubling time of cells expressing Ras V12 is normal, they may compensate for a truncated G1 by lengthening S and G2. Alternatively, the primary effect of Ras V12 may be to elongate S and G2, with cells compensating by accelerating progression through G1. To distinguish these possibilities, we coexpressed Ras V12 and String (Stg), the Cdc25-type phosphatase that is rate limiting for G2/M progression in Drosophila (Neufeld et al., 1998). If the primary effect of Ras V12 is to shorten G1, shortening G2 as well by coexpressing Stg should Figure 5A ). To confirm this result, we performed Western blots on discs in which most cells coexpressed Ras V12 ϩ GFP. These discs contained 3.4-fold more dMyc protein than controls expressing GFP alone ( Figure 5B ). To determine whether this effect was transcriptional, we performed quantitative reverse transcription-polymerase chain reaction (RT-PCR) on these discs. There was no significant increase in dmyc transcript levels ( Figure 5C ). Thus, activation of Ras elevates dMyc protein levels posttranscriptionally.
Ras Promotes the G1/S Transition
We next analyzed the functional relationship between Ras and dMyc. To determine whether dMyc can rescue the growth defects resulting from inhibition of Ras, we generated flip-out clones coexpressing dMyc and Ras
N17
. FACS analysis revealed cell size and cell cycle profiles similar to those of cells expressing dMyc alone ( Figure  5D ). Furthermore, dMyc expression partially rescued the elongated cell doubling time of 17.2 hr for Ras N17 to 15.5 hr for Ras N17 ϩ dMyc (p ϭ 0.015; dMyc alone ϭ 12.6 hr). These results suggest that the effects of Ras on cellular growth and the cell cycle are at least partially mediated via dMyc. and 6B), suggesting that they were being eliminated. cyclin E-specific antibody ( Figure 5A ). In addition, WestLater in development (36 hr APF), most Ras V12 -expressern blots revealed a 2-fold increase of both the type I and ing clones became concentrated in developing vein re-II isoforms of cyclin E in response to Ras V12 expression gions ( Figure 6C ), while control clones remained evenly ( Figure 5B) . Consistent with the stronger effects of dMyc distributed throughout the wing ( Figure 6F ). Staining on growth and G1/S progression, expression of dMyc with an antibody specific to activated MAP kinase indicaused a 9-fold increase of both cyclin E isoforms (Fig- cated that endogenous Ras is strongly activated in the ure 5B). These increases were posttranscriptional, since future vein regions of late larval and early pupal wing little or no increase in cyclin E transcript levels was discs and is only weakly active in intervein regions (data observed by RT-PCR ( Figure 5C Ras. Upregulating these proteins in the developing wing truncates G1, elongates G2, and increases growth rates, while downregulating them causes opposing effects.
Ras Affects the Cell Cycle by Regulating Growth
Furthermore, the resulting growth rates are inversely We found that in addition to promoting growth, Ras proportional to the length of G1. Given these similarities, activity also controls the length of G1. This has also we propose that cellular growth is rate limiting for G1/S been observed in mammalian cells, and it has been progression in wing imaginal cells. suggested that Ras promotes cell proliferation by acting on components of the cell cycle machinery that regulate G1/S progression (reviewed by Downward, 1997). AlCyclin E Couples Growth to the Cell Cycle How might cellular growth drive G1/S transitions? Couthough Drosophila Ras might promote G1/S progression and cellular growth independently, our observations pling of cellular growth to G1/S progression might be explained by a mechanism in which unstable, translasuggest that in the developing wing, its primary effect is to promote growth, and its cell cycle effects are sectionally regulated proteins are rate limiting for G1/S transitions. Cyclin E, a short-lived protein, is rate limiting for ondary. Hence, we propose the model shown in Figure  7 . This model is supported by our findings that Ras G1/S progression in wing discs (Neufeld et al. 1998). We found that both Ras V12 and dMyc posttranscriptionally continued to promote growth when coexpressed with Stg, which reversed the cell cycle effects of Ras, and increased levels of cyclin E (Figures 5A-5C ). As with the yeast G1 cyclin Cln3, the 5Ј untranslated region of when coexpressed with RBF, which had a dominant effect to Ras in slowing the cell cycle (Figure 4) larval development (Madhavan and Schneiderman, 1977) . The increase in cellular mass suggests that cellular growth may be promoting exit from this arrest. By anal-G1/S, But Not G2/M, Is Regulated by Growth Ras V12 accelerated G1/S transitions but failed to accelerogy, the ability of Ras to promote exit from quiescence in cancer may also be a consequence of growth promoate rates of cell division (Figure 2 ). This is similar to our findings with overexpressed dMyc (Johnston et al., tion. Consistent with this idea, cellular hypertrophy is commonly observed during neoplastic progression in 1999). However, coexpressing either Ras V12 or dMyc with String (Stg), the G2/M rate limitor, did accelerate cell mice (Iritani and Eisenman, 1999) and humans, suggesting that our findings are relevant to mammalian padivision. This suggests that regulation of Stg is independent of both Ras and dMyc. We therefore propose that thology. there is parallel and independent control of G1/S and G2/M transitions during wing development (Figure 7) . proliferation take place, and as the disc prepares to
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